Abstract-The study of a planar circular slot antenna for Ultrawideband (UWB) communications is presented. The integration on this antenna of a notch filter, to reduce the possible interferences with the 5 GHz WLAN communications, has been discussed in detail. Four different structures, achieved by etching a suitable pattern on the antenna circular stub, have been considered, and their features have been compared. The antenna with symmetrical and inverted-L cuts shows the best performance, and it has been therefore realized and fully characterized. It shows very good matching features over the UWB band, and notable rejection of the 5 GHz WLAN band.
INTRODUCTION
In this paper, we discuss the study of an Ultrawideband (UWB) [1, 2] planar circular slot antenna, having R = 10 mm slot radius. In order to fulfil the UWB bandwidth requirements, we used a 50 Ω microstrip feed, ending with a circular stub [3] , and in the optimization process we considered all the antenna parameters, for fixed slot radius. The scheme of this structure, named Antenna X, is shown in Figure 1 . Subsequently, a filter has been added to the antenna, to reject the 5 GHz WLAN band [1, 2] .
ANTENNA DESCRIPTION AND STUDY
The antenna substrate is the RT/duroid 5870, having r = 2.33 and h = 1.575 mm thickness. A substrate with such low electric permittivity has been used in order to favour the antenna wideband features, and to have radiation properties more stable with respect to the frequency [4] . Accurate time domain electromagnetic simulations, performed by means of CST Microwave Studio solver, have been accomplished for the optimization process. The reflection coefficient of the resulting Antenna X, supplied by a suitable Fourier transformation, is shown in Figure 2 , while in Table 1 the values for all of its parameters are given. The values of f min and f max , extremes of the matched band (for a V SW R ≤ 2), are also supplied. The antenna impedance bandwidth is (3.012, 14.374) GHz. In order to improve the use of this antenna for the UWB communications, the integration of a notch filter on this structure has been studied in detail. It is needed to minimize the potential interference with the WLAN communications in the (5.150, 5.825) GHz band [1, 2] . Among all the various proposals, we have focused our attention on filters achieved by etching a suitable pattern on the antenna stub. In particular, we considered the application of two symmetrical and inverted-L cuts [5] , a low circular cut [6] , a high circular cut [7] , and an H-type cut [8] to the circular stub. The comparison between the performances produced by etchings with these shapes, when they are applied to this circular slot antenna fed by a microstrip ending with a circular stub, is described here. The choice of these simple patterns, from all the types present in literature, has been carried out to have high filter performances, together with a small number of degrees of freedom. They are illustrated in Figure 3 . For each of these layouts, the optimization process has taken into account again all the antenna parameters, for fixed slot radius. The reflection coefficient of the optimized structures is compared in Figure 4 , whereas all of their parameters are given in Table 1 . The f n1 and f n2 extremes of the notched band are also supplied. The observation of Figure 4 shows that, despite their simple shape, all the considered etchings allow the achievement of a high mismatching in the 5 GHz band. Moreover, they have a large impedance bandwidth (for a V SW R ≤ 2), fulfilling the UWB requirements. The antenna with symmetrical inverted-L cuts (Antenna A), has the most selective notched band, the largest matched band and also the best impedance matching within Figure 4 . Comparison among the simulated |S 11 | of the antennas having patch shapes described in Figure 3 , and parameters given in Table 1 . this band. This has been therefore realized and fully experimentally characterized. In Figure 5 , the measured |S 11 | of this prototype has been compared with the simulation results for the same structure and for the original Antenna X. A very good agreement between results achieved by simulations and by measurements is observed. The notable bandwidth increasing, and the improvement of the general impedance matching over the UWB band, are observed for the realized antenna with respect to Antenna X. 2 ) rad total efficiency [9] , which takes into account both the rad radiation efficiency and the impedance matching, has also been performed for all the analyzed structures. In particular, Figure 6 (a) shows the comparison among the total efficiencies for all the optimized structures with integrated filters illustrated in Figure 3 . A high rejection (with tot ≈ 10%) is observed within the 5 GHz band, whereas an average tot ≈ 90% is achieved outside of it. The Antenna A, with the inverted-L filter, shows the best behaviour in terms of selectivity for the notched band and of efficiency outside of it. In Figure 6(b) , the efficiencies of this antenna and of Antenna X are compared. A small improvement for the tot of Antenna A is observed. The electromagnetic study of each of these structures has also shown that within the 5 GHz rejected band the electromagnetic field is mainly distributed in the etched region of the circular stub. This is represented in Figure 7 , where the simulated electric field profile for f = 5.5 GHz is shown for Antenna A. This causes the inhibition of the antenna radiation properties. In this work, it is shown how the etching shape is a factor that can be useful to properly tune the characteristics of this behaviour.
Radiation and time domain features of the optimized Antenna A are described below. In Figure 8 , the results of simulations and measurements for the normalized antenna gain are shown for f = 4 GHz and f = 8 GHz frequencies. The G φ component on the yz plane is not given for symmetry reasons. The differences, between the measured radiation patterns (more evident for the G φ component on the xz plane, at 4 GHz) and the simulations, are due to the influence of the measurement set-up on the antenna radiation properties, and to the antenna fabrication tolerances. In Figure 9 , the tridimensional views of the simulated antenna absolute gain are shown for different frequencies. The observation of this figure shows that more lobes are present for larger frequencies.
In Figure 10 , the absolute gain is given along the θ = 0 • and θ = 180 • directions. Results for both simulations and measurements are supplied along the (3, 18) GHz band. The gain displays large variations with respect to the frequency. The effect of the filter for the 5 GHz band is evident.
The antenna radiation properties at the different frequencies can be described also by the T F (ω) transmission function between the wave at the antenna input and the radiated electric field along the θ = 0 • direction, at a 1.5 m distance. This is determined by electromagnetic simulations; for each frequency the radiated electric field, relative to a 1 W monochromatic wave feeding the antenna [10] , is calculated. The associated group delay of the radiated electric field can be calculated as [11] :
In Figure 11 , the comparison of the |T F | and the t g amounts, for Antenna X and Antenna A, is shown. A significative perturbation for both parameters, due to the presence of the filter, is observed Figure 9 . Simulations of the antenna tridimensional absolute gain for different frequencies. around the f = 5.8 GHz frequency, whereas they almost coincide with those of Antenna X, away from it. While |T F | is notably changing with frequency, an almost constant t g ≈ 5.4 ns is observed. In Figure 12 , the time evolution of the radiated electric field, for θ = 0 • and z = 1.5 m, is shown for these two antennas, when the signal at (2) is at the inputs of Antenna X and Antenna A. their inputs is a normalized time-shifted gaussian pulse:
(2) where k is a constant, µ = 161.5 ps and σ = 31 ps, which has a frequency content covering the UWB range [10] . Despite the perturbations shown in Figure 11 , no remarkable differences appear to be produced in the antenna time domain feature by the filter integration. In order to quantify these differences, for any θ and φ direction, it is possible to estimate the Fidelity (F ) [2, 11, 16] :
between the radiated electric field components of Antenna X and Antenna A at 1.5 m distance. In particular, because of the antenna symmetry with respect to the yz plane, only the θ component of the electric field has been considered on this plane. The calculations give F = 93.10% for θ = 0 • (which regards the plots shown in Figure 12 ) and F = 94.59% for θ = 180 • . In Table 2 , the calculated F , for both θ and φ components, and along different θ and φ directions, is supplied. High values are achieved for F along all the considered directions. These calculations confirms that the filter integration within this slot antenna produces very small perturbations on the time evolution of the radiated fields. Table 2 . Calculated percentage Fidelity (F ) between the components of the radiated electric fields of Antenna X and Antenna A, at 1.5 m distance, for different θ and φ directions. 
CONCLUSION
This study has produced a compact planar slot antenna, having 20.4 mm width and 64 mm length, integrated with an inverted-L filter. [6, [12] [13] [14] [15] , shows that this prototype has a simpler structure and a smaller number of degrees of freedom, presents much higher rejection to the possible interference with the 5 GHz WLAN communications, and has larger matched band.
